A recent meeting to evaluate the state of the art of protein structure prediction saw progress on all fronts; for prediction methods based on comparative modeling or fold recognition, the progress was incremental, but in the case of ab initio structure prediction, some surprising successes were reported.
Beginning in March of last year, the sequences of proteins whose structures were nearing completion by experimentalists were posted on a web site at the Structure Prediction Center of the Lawrence Livermore National Laboratory (http://predictioncenter.llnl.gov), along with a list of relevant literature references. Research groups interested in predicting global or detailed structural features of these proteins were encouraged to submit up to five predictions electronically before a deadline determined by the date of public release of the experimental structure. Once submitted, each prediction was assigned a label that included an anonymous code designating the group from which it came. This feature enabled a blind assessment, at a later date, of the quality of the agreement between each prediction and the structure determined by nuclear magnetic resonance (NMR) spectroscopy or X-ray crystallography.
Each of the proteins of unknown structure -the target protein -posted during this time period provided one of three possible challenges. If the protein's sequence had statistically significant identity with a protein of known structure -a template protein -then the general features of its fold could be inferred directly from the structure of the template. In this situation, the challenge was assigned to the category of 'comparative modeling': to build a high-resolution model, beginning with the structure of the template and adding loops and re-packing side chains in the protein interior. In the absence of any evidence for homology to a protein of known structure, the challenge was shifted to that of either finding such evidence by some other method -'fold recognition' -or to generating a hypothetical conformation close to that determined experimentally -'ab initio prediction'. Thus a variety of very different methodologies for predicting various features of protein structure -from high-resolution details such as loops or active-site geometry to as low a resolution as simply predicting secondary structure or the proximity of pairs of helices -could be evaluated in one large collection of experiments.
Fortunately for the predictors, many members of the protein science community generously stepped in to help with the CASP3 experiment. In addition to the year long efforts of the organizers, a number of X-ray crystallography and NMR labs were willing to enter their proteins into the experiment, with a total of 43 entries covering all of the major families of protein structures -as defined by secondary structure composition, all-α, all-β, α/β, and α+β proteins. And three first-rate structural biologists were willing to take time away from their own research to assess the submitted predictions in the three categories. By the time the last entries were accepted, a total of 3800 had been submitted from 98 different groups in many countries around the world, an enormous mass of data to be evaluated. With each successive iteration of CASP, the whole enterprise has worked more smoothly. Especially important has been the establishment of fair and balanced criteria for quantifying the quality of predictions, with each successive assessor adding his/her own refinements.
Nothing succeeds like success, and in the grand game of protein structure prediction, any strategy that works becomes a part of everyone's bag of tricks, literally overnight. Perhaps the most obvious trend since CASP2 that reflects this phenomenon is the nearly universal use of the information contained in the amino-acid sequences of proteins homologous to the target. A database of protein sequences coupled with powerful computer programs for finding and then aligning homologues provide a variety of types of useful information, even in the absence of a homologue of known structure. For example, secondary structure prediction is significantly enhanced by running algorithms on both the target protein and its relatives [3] . And by finding homologues of homologues of the target protein, a greater number of paths can be be traversed in attempts to reach a protein of known structure. Multiple sequence alignment programs, especially PSI-BLAST [4] , have thus become essential tools for mining genome sequences for buried treasure, in the form of patterns that reflect correlations between sequence and structure.
Comparative modeling: sweating the details
The first day of the meeting was devoted to predictions of high-resolution structures by comparative modeling. Unfortunately, the most pressing issues and problems discussed at the previous two CASP meetings [5] remain. It has long been clear that, as the extent of sequence identity goes down, the accuracy of a homology-based structural model invariably goes down as well. The principal reason is that it becomes more difficult to correctly align the sequence of the target protein to the structure of the template across long stretches of divergent sequence. As a result, amino-acid residues may be placed out of register by one or more turns of an alpha helix, or shifted by two or more residues in a beta strand. For incorrectly aligned segments, the lengths of loops at both ends are likely to be incorrect and the wrong side chains are placed near each other in the interior of the structure, making it impossible to correctly model loop structure and side-chain packing.
Efforts at improving alignments follow one of two tacks: either at the sequence level, using more accurately aligned homologues, or at the structural level, using scoring functions to measure the 'fit' of side chains to positions in the template structure. Several participants expressed the view that the higher quality of multiple sequence alignments provided by PSI-BLAST has significantly reduced alignment errors. Others felt that alignments could be further improved using structural information. Yet overall, a comparison of the accuracy of models in CASP2 versus CASP3 made by the assessor did not establish an obvious trend of improvement in model quality. As noted at previous CASP meetings, success in modeling correlates best with conservation of structural features from the homologous template(s). As a rule, the fewer the changes made in rotamers and in loop structure from what is found in the template(s), the better the correspondence between the model and experimental structure of the target, as measured by the average (root-mean-squared) deviation of the backbone or total atomic coordinates.
Fold recognition: déjà vu all over again
On the second day, evaluation turned to those predictions that attempted to recognize the protein fold, in part or in whole, when the answer was 'less than obvious' from sequence comparisons. As the key phrase here is "less than obvious", it should be apparent that a clear distinction cannot always be made between fold-recognition targets and comparative modeling targets. And it is not always straightforward to identify which, if any, protein of known structure has sufficient structural similarity to the experimental structure of the target to declare that they share the same fold. Different structural search programs -AST, DALI, SSAP [6] -and different libraries/classifications of protein structure -CATH [7] , FSSP [8] , SCOP [9] -occasionally lead to some disagreement. But as a rule, the assessors make every effort to be flexible on close calls.
Two broad categories of methods for recognizing the fold of a protein of unknown structure can be defined, although hybrid methods are rapidly blurring this distinction: those that are sequence-based, and those that are structure-based. The sequence-based approach is easiest to understand because it represents a simple extension of the search for one or more homologues of known structure. Once an unequivocal evolutionary relationship has been established between all or a segment of the target protein and all or a segment of a protein of known structure, the target protein can be reliably inferred to share this same fold.
Obviously, the challenge for sequence-based methods is to detect sequence identity/homology at very low levels, levels below those traditionally considered significant. Again, here is a situation where genome sequences can play a decisive role by increasing the number and sequence diversity of homologues. If the target protein is very distantly related to a protein of known structure, dozens or hundreds of homologues may provide a path for tracking the sequence relationship between the two. In addition, once many homologues have been correctly aligned, a substitution matrix for each of the residue positions in an idealized family member can be built. A commonly used strategy for optimizing such a matrix involves the statistical tool of a hidden Markov model [10] , a data structure which can calculate the probability that a particular target sequence possesses the sequence patterns of the protein family embodied in the hidden Markov model.
To picture how the search for a match between a target protein and a large collection of models or sequence templates is actually carried out, workers in the field often use the term 'threading'. Within the computer algorithm, the target sequence is literally moved along or threaded through the template, allowing for gaps and insertions that shift the alignment between the two linear arraysthe target sequence and the template. At each position during the threading process, the score of the fit or match between a particular alignment of the sequence and the template is calculated. The best or highest value is always retained and, at the end of the process, becomes the score for that sequence-template pair. Even though the fold of a target protein can be found by threading its sequence through templates corresponding to every protein of known structure, at no point in the process is any structural information used. This approach is purely based on sequence.
The second category of fold-recognition methods are based on three-dimensional structure. In a manner analogous to that described above, the target sequence can be envisioned as being threaded through the three-dimensional coordinates of proteins of known structure, again with gaps and insertions being introduced during the process to allow for variations in chain length and with a score calculated at each position. Although a variety of scoring functions are used, the most common type evaluates the pairwise distances between residues and correlates these distances with those found in proteins for which high-resolution structures are known. For example, valine-leucine pairs with backbone beta carbon atoms separated by 6 Å receive a favorable score because it reflects a very common pattern, whereas valine-aspartate pairs with this separation would receive a much less favorable score. Again, the best alignment and its score are considered as a measure of the quality of fit for a particular sequence-template pair.
For both the assessor and participants who had not entered predictions in this category, the level of overall progress made since CASP2 was difficult to judge. One previously unrecognized limitation of threading came to light: two targets each consisting of two small domains were mistakenly predicted by all groups to be large single domain proteins. While all other fold-recognition targets were correctly recognized by one or more groups, a large number of groups submitted predictions, successes were somewhat sporadic and no one method was obviously superior to the others. Furthermore, there was greater success in recognizing the correct fold when the target had several homologues of known structure, suggesting scoring was near the noise levels of many methods and the odds of success depended on the number of equivalent tries. Among the six most consistent groups, as rated by the assessor, structure-based and sequence-based methods were approximately equally represented. And several of the structure-based methods used supplementary information from PSI-BLAST-derived multiple sequence alignments.
But the most confounding issue of all, one which makes it virtually impossible to identify which strategies are improving and which have reached plateaus, was frequently raised at the meeting -that of human intervention. Although the organizers have made every effort to create a framework that provides investigators with an opportunity to rigorously evaluate their algorithms and benchmark them against others in the field, the competitive nature of protein structure prediction -plus the large sums of money being paid by pharmaceutical companies for fold-recognition packages as part of their structural genomics efforts -drives most groups to 'supplement' their methods to improve the odds in their favor. Once the computer program has been run and the ranked list of scores are in hand, a variety of illdefined pattern recognition schemes run through the head of each investigator as he/she scans the output. The function of the target protein, its length, its name, ineffable hunches of all sorts may be useful pieces of information in deciding which of the candidate folds should appear at the top. Once the pristine results that emerge from the computer have been besmirched by such human intervention, how can the merits of the computer program be evaluated in a rigorous manner?
From the vantage point of this reporter, it appears that the sequence-based recognition methods stand to benefit greatly from the exponentially growing database of genome Dispatch R207
Figure 1
Ribbon diagram of the NMR structure [13] of the helicase Dna B (top panel) and the 'best' predicted structure (bottom panel) -the one of lowest root-mean-squared deviation from the experimental structureone of five generated by the method of Simons et al. [12] . From the amino to the carboxyl terminus, helices are colored red, orange, yellowgreen, green, blue and violet. The arrangement of the first four helices in the predicted structure is in close agreement with that determined by NMR. (Graphic kindly provided by Kim Simons.)
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Current Biology sequences and the linear growth in new protein structures. The structure-based methods, with their reliance on statistical patterns for quantifying the fit between a residue and its structural environment cannot, however, benefit to the same degree. Thus, it seems likely that fold recognition will evolve into an subspecialty of genomics, employing programs such as PSI-BLAST to iteratively search all sequence space until a path is eventually found linking the target protein to something with a defined structure.
Ab initio: and now for something completely different...
While the extent of advance for comparative modeling and fold recognition can only be considered incremental, more obvious progress was displayed in the third category of prediction challenges -that of predicting the structures of proteins with new or unrecognizable folds. In view of the virtual absence of measurable success in the past, some of the ab initio predictions reported at CASP3 could be viewed as downright dramatic, depending on the criterion used. It is generally accepted that such criteria must be less stringent, evaluating either rather gross features of the target protein or the agreement of fragments with the corresponding segments in the correct fold. As an example, one popular criterion is based on finding the longest fragment predicted to some cut-off level of accuracy in backbone root-mean-squared deviation, which allows considerable leeway and increases the possibility of false positives.
Although a few strategies based primarily on chemistry and physics were described, methods that made extensive use of fragments of known proteins and multiple sequence alignments scored the most obvious successes. A group from the Scripps Research Institute was able to infer the presence of contacts between alpha helices in target proteins on the basis of covariance in the differences in amino-acid sequence of large numbers of homologues [11] . For the yeast ribosomal protein L30, a 105 residue α/β protein, this tertiary structural information, coupled with secondary structure prediction and scoring for good hydrophobic burial, allowed the Scripps group to correctly place a fragment of 55 residues within 3.1 Å rootmean-squared deviation of the correct structure, a definite success at the 'partial' level.
A group from the University of Washington posted the most impressive showing in this category. As can be seen in Figure 1 , the global topology of a fragment of the bacterial helicase DnaB, corresponding to four of the six helices, was correctly obtained in one of the five predictions submitted. What makes this prediction noteworthy is that DnaB has an entirely new fold, so it could not have been found by fold recognition. Furthermore, the structures the Washington group submitted for two foldrecognition targets were closer to the experimental structure than any of the predictions submitted by the fold-recognition groups. Given these remarkable results, it is worth briefly describing the new strategy used [12] , for in all likelihood it represents the direction that ab initio work will take in the near future.
In outline form, a combination of multiple sequence alignments and secondary structure prediction are used to define the types and positions of helices and strands along the sequence. After dividing the sequence into overlapping fragments approximately nine residues in length, the database of protein structures is searched for proteins with segments that are similar to each fragment in sequence and secondary structure. When a reasonable match is found, the backbone phi and psi angles are stored, and the search is continued until the best 25 matches are obtained. Protein conformations are then built up by using angles drawn randomly from these matches until a compact structure with few overlapping atoms is formed. Those structures with good burial of hydrophobic groups and protein-like arrangements of helices and strands are retained. The best of these conformations are refined to make them still more compact and more protein-like, and conformations with the best overall score are considered the best predictions.
One of the most interesting events of the meeting was a lengthy and vigorous debate on the last evening about the relative roles of pattern recognition versus chemistry and physics in the success of these new ab initio strategies. Should they even be called 'ab initio' when they are by no means beginning from the first principles of physical chemistry, the scientific domain within which the phenomenon of protein folding properly falls?
Such discussions illustrate the deep dissatisfaction felt by some workers in the field (this reporter included!) as to the current state of protein structure prediction. One can now often say quite a lot about the structure of a protein from its sequence, but one cannot explain how the correct answer is encoded in the patterns used. Even though pattern recognition clearly works, and a dose of it will invariably improve any method for structure prediction, very few insights into how protein sequence determines structure have resulted from the successes of these highly empirical methods. While the language of physical chemistry is often heard in describing such methods, it is primarily as metaphors, like the term 'energy' used to designate the probability of a pattern.
The topic of the last session -"the impact of genomics on structure prediction" -in effect paid homage to the primary factor that drives interest in structure prediction, that provides the most important source of new patterns, and that may well represent the future domain of the whole enterprise. So where will structure prediction be two years from now, when CASP4 is convened? Probably considerably further advanced in the manipulation of new and improved patterns derived from genome sequences and protein structures. And where will structure explanation be two years from now? Probably at the same point it has been for all of the CASPs. With a long way to go.
